Promoter DNA methylation is a key epigenetic mechanism for stable gene silencing, but is correlated with expression when located in gene bodies. Maintenance and de novo DNA methylation by catalytically active DNA methyltransferases (DNMT1 and DNMT3A/B) require accessory proteins such as UHRF1 and DNMT3L. DNMT3B isoforms are widely expressed, although some do not have active catalytic domains and their expression can be altered during cell development and tumourigenesis, questioning their biological roles. Here, we show that DNMT3B isoforms stimulate gene body methylation and re-methylation after methylation-inhibitor treatment. This occurs independently of the isoforms' catalytic activity, demonstrating a similar functional role to the accessory protein DNMT3L, which is only expressed in undifferentiated cells and recruits DNMT3A to initiate DNA methylation. This unexpected role for DNMT3B suggests that it might substitute for the absent accessory protein DNMT3L to recruit DNMT3A in somatic cells.
D
NA methylation is a key epigenetic mechanism that participates in stable gene silencing in key biological processes, including the establishment and maintenance of tissue specific gene-expression patterns, X-chromosome inactivation, parasitic transposable elements silencing and genomic imprinting [1] [2] [3] [4] . Although DNA methylation is critical for mammalian development, genome-wide studies show that aberrations of normal tissue DNA-methylation patterns are a hallmark of cancer and other diseases 5, 6 .
Cytosines in a CpG context are methylated by the transfer of a methyl group from S-adenosylmethionine catalysed by DNA methyltransferases (DNMTs) 7 . DNMTs in mammals are comprised of four family members: DNMT1, DNMT3A, DNMT3B as well as DNMT3L (DNMT 3-like), which is required for the establishment of DNA-methylation patterns during development 8 . Maintenance of DNA methylation is carried out by DNMT1, which copies DNA-methylation patterns from the parental to the daughter strand during replication 9 . Both DNMT3A and DNMT3B serve as de novo methyltransferases during embryonic development but they also help maintain the DNA-methylation patterns in somatic cells in concert with DNMT1, since the latter cannot perform this function alone [10] [11] [12] . DNMT3A has 2 different isoforms, while DNMT3B has more than 30 isoforms [13] [14] [15] [16] . Expression patterns of the latter are highly conserved between humans and mice, suggesting that these isoforms are biologically relevant 17 . Many studies have identified the specific roles of DNMTs in DNA methylation during development but the role of aberrant expression levels of DNMTs and isoforms, especially DNMT3B in cancer, leading to global DNA-methylation changes, is still unclear 11, [13] [14] [15] [16] [18] [19] [20] [21] [22] .
Several studies have investigated the roles of DNMTs in more detail, demonstrating that DNMT3B participates in gene body methylation or re-methylation by targeting the H3K36me3 modification 4, [23] [24] [25] [26] [27] [28] . Disruption of the catalytic domains of all three DNMTs was recently characterized in human ES cells by CRISPR/Cas9 genome editing 24 . However, the disruption of DNMT3B1 left a truncated version very similar to the DNMT3B3 isoform in these cells 24 . Furthermore, this study also found that although DNMT3B1 is highly expressed in ES cells, DNMT3B1 expression decreases and DNMT3B3, which has a disrupted catalytic domain, becomes the dominant isoform expressed in somatic cells 24 . Thus the role of DNMT3B isoforms in ES and somatic cells is not well-characterized.
In this study, we sought to identify target sites of DNMT3B isoforms on a genome-wide level and their functional roles by characterizing a representative panel of DNMT3B isoforms and DNMT3L by restoring their expression in DNMT3B-deficient cells.
We confirm that transcribed regions of genes are the favoured de novo DNA-methylation target. We also show that isoforms of DNMT3B can influence DNA methylation in cells with decreased methylation and re-methylation in gene bodies after DNA-methylation-inhibitor treatment. Altogether, our results suggest that DNMT3B isoforms can act as accessory proteins that interact with catalytically active enzymes to re-establish DNA methylation and could be one of many key factors for initiation of de novo DNA methylation during tumourigenesis.
Results
Stable Reintroduction of DNMT Isoforms. We elucidated the role of DNMT3B and its isoforms in DNA methylation by using the 3BKO and DKO8 derivatives of the HCT116 colon cancer cell line that have homozygous deletions for DNMT3B. DKO8 cells additionally have a markedly reduced protein level of a hypomorphic DNMT1 (DNMT1 DE2-5 ) (refs 29,30) allele. There is globally about 3% less DNA methylation in 3BKO cells and 22% less DNA methylation in DKO8 cells compared with the parental line HCT116 (Supplementary Fig. 1 ) 29 . We selected a representative panel of DNMT3B isoforms, as well as DNMT3L, which is catalytically inactive and expressed in ES cells but not in somatic cells 8, 31 , to use as a positive accessory protein control (Fig. 1a) . For DNMT3B isoforms, we chose DNMT3B1: the canonical full-length protein, DNMT3B3: a catalytically inactive isoform 32 expressed in somatic and ES cells but overexpressed in some types of cancer 33 , DNMT3B4: a catalytically inactive isoform that interacts with DNMT3s and reduces DNA-binding ability 32 , DNMTD3B2: a N-terminal-truncated isoform mainly overexpressed in lung cancer 15 , DNMTD3B4: a N-terminaltruncated isoform missing the PWWP domain 15 and DNMT3L: expressed only during embryonic development 34 . In addition, we engineered DNMT3B1-M and DNMTD3B2-M, which are catalytically inactive mutants containing a cysteine to serine inactivating point mutation at position 651 and 452, respectively 35 . After infection we obtained polyclonal cell populations expressing a specific DNMT3B isoform or DNMT3L in DKO8 and 3BKO cells.
Different RNA-expression levels were seen for each of the DNMTs but larger variations were apparent at the protein levels, possibly reflecting differential stabilities of the variable isoforms outside of the putative DNMT3A/3B complex ( Fig. 1b-e) . Endogenous DNMT3A and exogenous DNMT3B or DNMT3L RNA-expression levels were measured by qRT-PCR, following puromycin selection in both cell lines and before and after 5-Aza-CdR treatment in 3BKO cells ( Supplementary Fig. 2 ). Consistent with our previous study 35 , we show the mutant form of DNMT3B1 was expressed at a higher protein level than its wild-type form; however, no significant differences in restoration of DNA methylation between the transfected constructs could be observed (Fig. 2b) . We also know that excess DNMT3B protein is degraded when not bound to nucleosomes, which may explain the differences between the RNA and protein levels of these DNMTs 35 .
DNA-methylation restoration by DNMT3B isoforms. Global DNA-methylation levels in DKO8 cells expressing DNMT3B isoforms or DNMT3L were measured 56 days post transfection. The results are compared with the parental HCT116 cell line and represented as boxplots ( Supplementary Fig. 3a ). CpG sites that showed an increase of 0.2 in b-value, compared with the control EV with any construct, were retained for further analysis and the resulting methylation values are shown as heatmaps, boxplots (Fig. 2a,b) or d-methylation values ( Supplementary Fig. 3b ). As expected, DNMT3L could restore DNA methylation in the transfected cells and showed the strongest overall restoration of DNA methylation compared with the DNMT3B isoforms (Fig. 2a) . Interestingly, the majority of sites showing increased DNA methylation were also methylated in the parental HCT116 cells (Fig. 2a) . Most of these restored sites are located in gene bodies, which were found to be enriched in H3K36me3 in HCT116 cells, a characteristic of an actively transcribed region 23 . We previously showed that the H3K36me3 mark is not lost in the more severely demethylated derivative cell line DKO1, which has lost 90% of DNA methylation 23 . This finding is consistent with other observations that DNMT3B recognizes the H3K36me3 modification written by SETD2 (refs 25,26) . Individually, the sites targeted by each DNMT3B isoform which showed a 0.2 increase in b-value compared with the control EV are located in gene bodies and non-CpG islands regardless of the isoform when compared with the background distribution of CpG sites on the array (Fig. 2a,c,d ) except for DNMT3B4 and DNMTD3B4.
Biological replicates for 3 of the 9 DNMT constructs were performed, demonstrating that the CpG site-specific recruitment was consistent globally ( Supplementary Fig. 4 ) and for the specific target sites (Supplementary Figs 5-7) .
Furthermore, DNMT3B1 and its mutated form DNMT3B1-M show similar restoration of DNA methylation regardless of the latter being catalytically inactive, consistent with previous findings (Fig. 2a,b) 35 . In addition, although DNMT3B3 has been considered as a catalytically inactive isoform 32 , DNA methylation was strongly increased by its presence. The catalytically active DNMTD3B2 and inactive D3B2-M isoforms both lack the N-terminal domain and have similar decreased abilities to methylate DNA (Fig. 2a,b) . DNMTD3B4 that has no PWWP domain had the lowest ability to induce re-methylation. DNMT3B4 was also weak at inducing re-methylation, confirming the finding of its decreased binding affinity with DNA 32 .
The abilities of DNMT3B and its isoforms to restore methylation are mainly dependent on the presence of an N-terminal but not a catalytic domain in most of the isoforms (Fig. 2a,b) . The exception here is DNMT3B4, which loses the ability to restore DNA methylation and has previously been shown to cause hypomethylation by binding to active DNMT3s and reducing their DNA-binding affinities 20, 32 . The loss of DNA or nucleosome-binding affinity of DNMT3B4 could be due to the specific truncated C-terminal structure of DNMT3B4, which should be further studied. However, our previous studies have demonstrated that the ability of DNMT3B1 to bind nucleosomes is important in maintaining DNA-methylation levels, while loss of the N-terminal domain could markedly decrease the binding ability and increase protein degradation 35, 36 . Unexpectedly, most DNMT3B isoforms can restore DNA methylation at similar target regions independently of the presence of functional catalytic domains. These findings suggest that besides its functional role as a methyltransferase, DNMT3B may also act as an accessory protein to recruit DNMT3A and stimulate DNA methylation.
Re-methylation rate increased by DNMT3B isoforms. We recently showed that inhibiting gene body methylation by transient 5-Aza-CdR treatment decreases the expression of some Fig. 8a ) 23 . The CpG sites of Group I were enriched in gene bodies having the H3K36me3 modifications and showed the fastest rates of re-methylation and were almost fully remethylated 42 days after treatment. The CpG sites in Group IV, however, showed the slowest rate of re-methylation and remained demethylated at day 42 (ref. 23) .
To test whether DNMT3B isoforms have different functional roles during re-methylation, we stably introduced a subset of isoforms into the 3BKO cell line (Fig. 1a,c,e) and subsequently treated them with 5-Aza-CdR for 24 h. We observed DNA methylation decreases 5 days post treatment and DNAmethylation restoration 42 days post treatment, consistent with pervious studies (Fig. 3 and Supplementary Fig. 8 ) 23 . RNA-expression levels of endogenous DNMT3A and the exogenous DNMT3B or DNMT3L were analysed before and after 5-Aza-CdR treatment ( Supplementary Fig. 2 ). Interestingly, DNMT3B4 and DNMT3L showed decreased RNA-expression levels after 5-Aza-CdR treatment, although DNMT3L was still able to stimulate the DNA-methylation levels after 42 days ( Fig. 3 and Supplementary Fig. 2b ). DNMT3L, DNMT3B1, 3B1-M and 3B3 were able to stimulate DNA re-methylation most strongly at the H3K36me3-enriched Group I CpGs (Fig. 3) 23 . DNMT3B4 did not influence the rebound methylation of this group as we expected, since it has decreased binding affinity to DNA 32 . As we predicted, Group IV CpG sites were also confirmed to be non-DNMT3B target regions, the same as for DNMT3L (Supplementary Fig. 8 ).
To confirm that DNMT3A is actually the enzyme responsible for the DNA-methylation rebound, we used another HCT116 derivative cell line, 3ABDKO, which has homozygous deletions of DNMT3A and DNMT3B in addition to a single allele of DNMT1 (ref. 37 ). We stably introduced a subset of isoforms into the 3ABDKO cell line and subsequently treated them with 5-Aza-CdR for 24 h. In general, these isoforms are stably expressed up to 42 days after treatment (Supplementary Fig. 9 ). We observed that only DNMT3B1 could robustly restore DNA methylation, while the catalytically inactive forms, mutant DNMT3B1, DNMT3B3 and DNMT3L, did not elicit the re-methylation at a majority of targets in the absence of DNMT3A (Fig. 3b) . Although methylation was restored at a small portion of the targets in cells with or without isoforms of DNMT3B or DNMT3L (Fig. 3b) , this could be explained by the known de novo activity of DNMT1 at specific regions 10, 37 . In addition, 86% of these sites also gained DNA methylation in the 3BKO cell lines (Fig. 3a) . This result therefore not only confirmed the well-known functional role of DNMT3B1 that is mainly expressed in ES cells 24 , but also a completely novel role as accessory protein for DNMT3B especially the catalytically inactive DNMT3B isoforms, such as DNMT3B3, which is highly expressed in somatic cells 24 . As we expected, Group IV CpGs were not showing increases in DNA methylation ( Supplementary Fig. 10 ). These results therefore confirm that DNMT3B can act as an accessory protein like DNMT3L to establish DNA methylation by recruiting DNMT3A in somatic cells.
Overexpression of DNMT3s in different cancer types. The role of DNMT3B in acting as an accessory protein may also contribute to aberrant de novo methylation during tumourigenesis.
0.4 0.6 0.8 Since overexpression of DNMTs 38 , especially DNMT3s and their isoforms, is commonly seen in tumours 12, 19, 29, 39 . Our previous work suggests that DNMT3A requires DNMT3B for restoration of methylation in somatic cells and DNMT3B is also required for re-methylation after 5-Aza-CdR treatment 23, 35 ; however, the functional role of DNMT3B and its isoforms in a complex with DNMT3A is still not clear. DNMTs are overexpressed in cancer cells 19 , although detailed analysis of the expression profiles has not been described. We took advantage of The Cancer Genome Atlas (TCGA) project, which includes RNA-seq data on eight primary tumour types, to study expression levels of DNMT3s in normal tissues and their corresponding tumours. We confirmed overexpression of DNMT3A in six out of eight cancer types and DNMT3B overexpression in all cancer types, compared with normal tissues (Fig. 4) . In addition, multiple isoforms of DNMT3B were also significantly overexpressed in these types of cancers (Fig. 4) , including catalytically inactive DNMT3B3. Delta isoforms, DNMTD3B2 and four were purposefully not included in this analysis because of the difficulty to distinguish these isoforms by RNA-seq data (Fig. 4) .
Discussion
In this study we investigated the DNA-methylation target sites of DNMT3B isoforms on a genome-wide level by restoring the expression of a representative panel of DNMT3B isoforms in two different DNMT3B-deficient cell lines. Genome-wide analysis of DNA-methylation changes reveals that catalytic activity is not required for the induced DNA methylation, indicating an accessory protein role for DNMT3B isoforms. The presence of the N-terminal and PWWP domains was found to be important for DNMT3B function and its role as an accessory protein, except for DNMT3B4. Preferential binding of DNMT3B isoforms to regions known to be enriched with the H3K36me3 modification was found in our earlier work, as well as in others 23, 25, 26 . In addition, we confirmed the aberrant expression of DNMT3B isoforms in various cancers, using publically available data sets. Taken altogether, we show that DNMT3B can act as an accessory protein to restore DNA methylation of gene bodies in differentiated cells. Our results, and other studies, have shown that DNMT3Bs are able to bind to the active DNMT3A molecules in vivo and in vitro 32 . The data here clearly show that DNMT3B1 can act as an accessory protein even when it is catalytically inactive, although it seems to require intact N-terminal and PWWP domains with the exception of DNMT3B4, thus further studies are required. Since catalytically inactive DNMT3B1 can establish de novo DNA-methylation patterns in both DNMT1 and DNMT3B-deficient cells but not in DNMT3B and DNMT3A deficient cells, it seems most likely that DNMT3B acts as an 3A  3B  3B1  3B2  3B3  3B4  3B5  3B6  3B8   Isoforms   3A  3B  3B1  3B2  3B3  3B4  3B5  3B6  3B8 Isoforms Figure 4 | Differential expression levels of DNMT3A and 3B between normal and various tumour tissues. Normalized read counts from RNA-Seq data were calculated for DNMT3A, DNMT3B and isoforms from matched normal and tumour tissue samples by expectation-maximization (RSEM). Expression fold change is shown as log 2 (tumour/normal) for each cancer type. N indicates the number of sample pairs for each tumour type. Mann-Whitney's unpaired statistical test was used to assess expression differences on log 2 (RSEM) values between tumour and normal tissue. *Po0.05, **Po0.01 or ***Po0.001.
accessory protein for DNMT3A rather than DNMT1 (ref. 35) . Although DNMT3B3 catalytic activity is controversial, our study suggests that DNA methylation in the presence of the DNMT3B3 isoform could be caused by it acting as an accessory protein in differentiated cells. This interpretation is consistent with the results of Liao et al. 24 which showed that DNMT3A was necessary for de novo methylation of gene bodies during ES cell differentiation. The changing landscapes of catalytically active and inactive proteins included in ES and differentiated cells are depicted in Fig. 5 . DNMT3L has been identified as a DNMT3A accessory protein to stimulate de novo methylation in ES cells 8, [40] [41] [42] [43] [44] [45] , while UHRF1 has also been recognized as a DNMT1 accessory protein to maintain DNA-methylation patterns in embryonic and differentiated cells 46, 47 . Our findings, for the first time, suggest a role for DNMT3B as an accessory protein for DNMT3A to stimulate and restore DNA methylation. While DNMT3A alone cannot restore DNA methylation in 3BKO cells, DNMT3B1 can achieve this in 3ABDKO cells. This suggests that DNMT3B1 can have a dual role in acting as both a methyltransferase and an accessory protein. The latter role could be especially pronounced when different isoforms of DNMT3B are expressed simultaneously, interacting with each other to boost DNA methylation 32 . Furthermore, DNMT3L recruits DNMT3s to specifically bind to nucleosomes without H3K4 methylation and stimulate de novo methylation during embryonic development 34, 41 . Our results showing overlapping target regions by DNMT3B and DNMT3L suggest that H3K36me3 could also be a target signal for DNMT3L but this requires further studies.
In conclusion, we have confirmed that DNMT3B isoforms can act as accessory proteins to restore DNA methylation, specifically in gene bodies in differentiated cells. This finding also suggests that DNMT3B and its catalytically inactive isoforms play key roles in collaborating with DNMT3A to initiate and maintain DNA methylation in transcribed regions. DNMT3A on the other hand has a low capability of restoring DNA methylation by itself without involvement of DNMT3B in differentiated cells. Our findings might also help explain the presence of aberrant DNA-methylation patterns during tumourigenesis due to the overexpression of DNMT3B isoforms, which could be a driving force for de novo methylation.
Methods
Cell lines and drug treatment. HCT116 derivative cell lines DKO8, 3BKO and 3ABDKO were obtained from Dr Baylin's laboratory and cultured in McCoy's 5A medium containing 1% penicillin/streptomycin and 10% inactivated fetal bovine serum in a humidified and 5% CO 2 containing atmosphere at 37°C. All cell lines were verified to be free of Mycoplasma contamination before use. Cell lines were treated with 0.3 mM of 5-Aza-CdR (Sigma-Aldrich) for 24 h followed by a medium change.
DNMT isoform constructs. Human DNMT isoforms 3B1, D3B2, 3B3, D3B4 and 3L, containing a MYC-tagged DNA sequence ligated to the 5 0 -ends, were amplified from pIRESpuro/Myc constructs 48 (a modified version of the pIRESpuro3 vector, Clontech), a gift from Dr Allen Yang (USC). Catalytically inactive mutants containing a cysteine to serine alteration in position 651 of DNMT3B1 and 452 of DNMTD3B2 proteins were established as previously described 35 . MYC-tagged DNMT sequences were cloned into pLJM1 lentivirus vector at EcoRI and AgeI sites using Infusion HD PCR Cloning Plus (Clontech) following the manufacturer's protocol. To produce lentivirus for the specific constructs, the vesicular stomatitis virus envelope protein G-expression construct pMD.G1, the packaging vector pCMV DR8.91 and transfer vector pLJM1 were used as previously described 49 . All vectors were amplified and purified using the PureYield Plasmid Maxiprep system (Promega), according to the manufacturer's instructions. The HCT116 derivative cell lines 3BKO, 3ABDKO and DKO8 were stably transfected with a lentivirus and selected with 2 mg ml À 1 puromycin for 14, 14 and 21 days, respectively.
Protein extraction and western blot analysis. Cells were trypsinised, washed with PBS and resuspended in RIPA buffer (50 mM Tris-HCl, ph 8.0, 150 mM NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS) with protease inhibitors (Roche, 04693132001). The lysed cells were then sonicated on ice and cellular debris were removed by centrifugation. In all, 2 mg of protein was mixed with SDS/b-mercaptoethanol loading buffer and resolved on a BioRad 4-15% gradient SDS/PAGE gel. Antibodies against the MYC-epitope tag (Millipore, 05-724, 1:1,000) and b-ACTIN (Sigma, A2228, 1:2,000) as loading control were used. Proteins were visualized using the ECL detection system (Thermo Scientific) and BioRad's ChemiDoc system. Protein was extracted on day 56 for DKO8 cells and day 14 for 3BKO cells. The full-size images are shown in Supplementary Fig. 11 .
RNA isolation and qRT-PCR. Puromycin-resistant polyclonal cells, stably transfected with DNMT isoforms, were used for total RNA extraction using the RNeasy Mini kit (Qiagen). In all, 1 mg of total RNA was treated with 10 U of DNaseI (Roche) at 25°C for 20 min followed by 8 mM final concentration of EDTA and 10 min heat inactivation at 75°C. Typically, 1 mg of DNase treated RNA was reverse transcribed using iScript Reverse Transcription Supermix Illumina Infinium HM450 DNA-methylation data processing. DNA was extracted after 56 days of DNMT re-expression. DNA methylation was assessed using Illumina's Infinium HumanMethylation450 (HM450) BeadChip array and was performed at the USC Epigenome Center according to the manufacturer's specifications. The array examines the DNA-methylation status of 482,421 CpG sites and each is reported as a b-value, ranging from 0 (unmethylated) to 1 (fully methylated). CpG probes with a detection P value 40.05, located within 15 base pairs of a single-nucleotide polymorphism or located in gene deserts, were excluded from further analysis in all samples leaving 385,826. Analysis and b-value calculations were performed as described elsewhere 23, 50, 51 . Changes of 0.2 (20%) b-value were considered target sites for analyses and are described elsewhere 48 . Statistical enrichment was performed using a z-test comparing the targeted CpG sites for each DNMT isoform with the overall distribution of probes on the 450 K array. DKO8 cells at day 56 were analysed for DNA methylation on the HM450 array, as well as 3BKO and 3 ABDKO cells on days 0, 5 and 42 post 5-Aza-CdR treatment.
RNA-seq data collection and analysis. RNASeqV2 Level 3 data from TCGA was obtained from the publically available data portal (http://cancergenome.nih.gov/ dataportal/). Values for gene-expression values were aligned using MapSplice and quantification was performed using RSEM 52 . (refs 40,44,53,54) . Our work suggests that catalytically inactive DNMT3B3 (3B3) may also participate as an accessory protein in the establishment of DNA-methylation patterns. Following differentiation 3A2 and 3L are no longer expressed, while expression of 3B1 is decreased markedly, leaving 3A1 and the accessory protein 3B3 as potential mediators of methylation [53] [54] [55] . Our work also suggests that 3B3 preferentially targets 3A1 to gene bodies. Active methyltransferase enzymes and accessory proteins are shown in red and blue boxes, respectively.
Data availability. The genome-wide DNA-methylation data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) database with the accession codes GSE51815 and GSE68344.
